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PolyethyleneAbstract Ionic liquid (IL) mediated vanadium pentoxide (VP) was synthesized by sol-gel method
with 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) and 1-octyl-3 methyl-
imidazolium tetrafluoroborate ([OMIM][BF4]). Synthesized nano- to micro-VP particles were
examined by scanning electron microscope (SEM), Brunauer–Emmett–Teller (BET) characteriza-
tion, Fourier transform infrared spectroscopy (FTIR) and wide angle X-ray diffraction (WAXD).
The VP particles morphology, surface area as well as crystallinity are found to be influenced by the
type of ionic liquid used during synthesis. Synthesized VP particles were used as support for synthe-
sis of titanium catalyst for ethylene polymerization. Higher titanium incorporation was observed
for IL assisted VP. Activity of titanium catalyst for ethylene polymerization was higher when
[BMIM][BF4] based VP was used. Further, IL assisted VP supported catalyst based polyethylene
has shown much broad molecular weight distribution.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Transition metal oxide nanoparticles attracted significant interest in
materials research due to unique shape and size tunable physico-
chemical properties enhancing efficiency for catalysis, optoelectronics,photonics, and photodegradation. Vanadium pentoxide (VP), one of
widely studied transition metal oxides, finds application in microelec-
tronics, solid state ionics, sensing, energy storage devices, catalysis,
biosensor, and adsorption, etc. (Augustyn and Dunn, 2010; Brun
et al., 2010). Vanadium pentoxide based catalysts produce sulfuric
acids, ferrovanadium compounds, maleic anhydride, phthalic anhy-
dride, adipic acid, and acrylic acid. World vanadium material manu-
facturers produced around 61,000 tons in 2011 with 4% increase
compared to 2010 showing great demand for various applications
(Russia, 2016).
Numerous bottom-up techniques such as chemical vapor deposi-
tion (CVD), laser ablation, molecular beam epitaxy, plasma arc
method, sputtering, evaporation, spray pyrolysis and spin coating were
evolved for micro- to nanoparticles synthesis (Cao, 2004). Sol-gel
method is still one of the most widely studied methods as it is relativelyor broad
Nomenclature
Abbreviation of vanadium pentoxide synthesized under differ-
ent condition
Sample Detail
VP vanadium pentoxide particles synthesized without
ionic liquid
VPBM vanadium pentoxide particles synthesized with
[BMIM][BF4]
VPOM vanadium pentoxide particles synthesized with
[OMIM][BF4]
VPC vanadium pentoxide particles synthesized without
IL and heated at 600 C for 4 h
VPBMC vanadium pentoxide particles synthesized with
[BMIM][BF4] and heated at 600 C for 4 h
VPOMC vanadium pentoxide particles synthesized with
[OMIM][BF4] at 600 C for 4 h
Ti-VPC titanium immobilized catalyst using VPC as sup-
port
Ti-VPBMC titanium immobilized catalyst using VPBMC
as support
Ti-VPOMC titanium immobilized catalyst using VPOMC
as support
2 H.R. Patil, Z.V.P. Murthysimple, cost-effective and large range of materials can be produced. It
is capable of producing various forms of materials such as aerogel,
xerogel, nanorods, nanopillars, ceramic materials, and micro- to
nanopowders. Different and complex substrate shapes can be coated
by sol-gel process due to liquid phase deposition.
Recently, use of ionic liquids (ILs) in nanoparticles synthesis leads
to improved properties. Metal nanoparticles are only kinetically stable
and will combine to thermodynamically favor larger metal particles via
agglomeration. To avoid this agglomeration, metal nanoparticles are
required to be stabilized with strongly coordinating protective ligand
layers, such as polymers and surfactants, which provide electrostatic
and/or steric protection. The surfactant changes metal nanoparticles
surface properties and largely remains non-separable and non-
reusable. The ILs can be considered as nanosynthetic template, an
alternative to ligand layer, such as surfactants. The ILs do not remain
on nanoparticles surface and can be separated and re-used offering
advantage in larger scale (Vollmer and Janiak, 2011). The combination
of metal nanoparticles and ILs can be considered as green catalytic sys-
tem because of its recyclability, choice of ILs based on varieties of
cation and anion as well as flexibility to optimized NPs properties
based on IL choice.
An IL is defined as organic salt, consisting of bulky anion and
cation connected by electrostatic and H-bonded network. Bulkiness
of ion leads to lower lattice energy and electrostatic potential to
reduce melting point (Davis, 2004). The ILs applications are widely
reported for the synthesis of titanium dioxide, gold, alumina, etc.,
nanoparticles by sol-gel method (Ruivo et al., 2013; Farag et al.,
2009). Wide ranges of ILs are used for titanium nanoparticles
(TNPs) synthesis with titanium alkoxide as precursor. The TNPs
generally exhibit anatase phase up to 600 C, and it shifts to rutile
phase above 600 C. However, IL used TNPs are stable and exhibit
anatase phase up to 800 C with higher crystallinity (Yoo et al.,
2005). Further, IL mediated sol-gel process based TNPs exhibited
better photo catalytic efficiency compared to conventional sol-gel
process. Doping of TNPs for photocatalytic application, in place
of ILs, is also being explored, such as Abdullah et al. (2016)
synthesized doped TNPs to improved phenol photocatalytic perfor-
mance, Lee et al. (2015) tried N and Pd doped TNPs for dyes degra-
dation, Zheng et al. (2016) synthesized MoS2 doped TNPs for
Rhodamine B degradation. Although TNPs synthesis is widely stud-
ied with ILs also, hardly any study has been conducted for vana-
dium pentoxides by ILs mediated sol-gel process although
vanadium belongs to similar transition metal family with oxidation
state from +2 to +5.
Plasma torch and flame spray are among few techniques applied
for the synthesis of VP nanoparticles used for functionalization
(Lavayen et al., 2007) or doping of VP nanoparticles with otherPlease cite this article in press as: Patil, H.R., Murthy, Z.V.P. Ionic liquid assisted va
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(V2O5) nanoparticles were synthesized using vanadium oxytriiso-
propoxide using 1-butyl-1-methyl pyrrolidinium bis(trifluoromethyl-
sulfonyl) amide ([Py1,4][Tf2N]) and 1-ethyl-3-methyl imidazolium bis
(trifluoromethylsulfonyl) amide ([EMIM][Tf2N]) by sol-gel method
(Zoubi et al., 2009). In this study, we have synthesized vanadium
pentoxide using in-situ generated vanadium oxytriisopropoxide pre-
cursor from vanadium oxytrichloride with [BMIM][BF4] and
[OMIM][BF4]. These ILs have not been explored so far. Vanadium
oxytrichloride cost is much lower than vanadium triisopropoxide
and hence it provides significant cost advantage for large scale pro-
duction of VP nanoparticles. We have characterized vanadium pen-
toxide for its structural and spectroscopic characteristics by
scanning electron microscope (SEM), wide angle X-ray diffraction
(WAXD), Fourier transform infrared spectroscopy (FTIR) and Bru
nauer–Emmett–Teller (BET) characterization, and properties of IL
mediated VP were compared with VP synthesized without IL.
Ziegler-Natta (ZN) catalyst is extensively utilized for 95% of
polyolefin production globally. ZN composition generally consists
of titanium tetrachloride immobilized on magnesium dichloride
(support) along organic modifier to improve catalyst performance.
Physical and structural characteristics such as morphology and crys-
tallinity of support affect ethylene chain propagation as well as ter-
mination reaction by way of controlling mass transfer of ethylene to
active titanium–carbon bond during ethylene polymerization. Mag-
nesium dichloride contributes toward residual chloride content of
produced polyethylene which affects product performance and
necessitates addition of additive to neutralize residual chloride.
Hence, there is research interest to have alternative inorganic oxide
as support which do not require additive addition. Metal oxides
such as magnesium oxide, silicon dioxide, aluminum oxide and tita-
nium oxide are used as support for immobilizing titanium active
species for ethylene or propylene polymerization. These supports
(with +3 to +4 oxidation state) provide catalyst which gives mod-
erate to higher productivity for ethylene polymerization; however,
synthesized polyethylene produced has narrow to medium molecular
weight distribution. There is need for producing polyethylene with
broad molecular weight distribution which is easy to process and
provides product with higher mechanical strength. Support with
+2 to +4 oxidation state is used so far; however, vanadium having
+5 oxidation state is not explored much as a support for Ziegler-
Natta catalyst. In this work, we have synthesized vanadium pentox-
ide using two ILs, used as support for titanium supported catalyst
and for ethylene polymerization. To the best of our knowledge this
will be the first study showing IL assisted VP as support for ethylene
polymerization catalyst and understanding of polyethylene
characteristics.nadium pentoxide synthesis through sol-gel method: Catalyst support for broad
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.07.010
Ionic liquid assisted vanadium pentoxide synthesis 32. Experimental
2.1. Chemicals
Vanadium oxytrichloride (98%, VOCl3), isopropanol (99%,
(CH3)2CHOH), 1-butyl-3-methylimidazolium tetrafluorobo-
rate (98%, [BMIM][BF4]), 1-octyl-3-methylimidazolium
tetrafluoroborate (98%, [OMIM][BF4]), tetrahydrofuran
(THF, 99%, C4H8O) and LR grade acetonitrile (98%, CH3-
CN) were procured from Sigma-Aldrich for synthesis experi-
ments. Commercial grade hexane (99%) and commercial
grade ammonia (20%) were used for synthesis and polymeriza-
tion experiments. Demineralized (DM) water is used for all
reactions. Triethylaluminum (94%, TEAl) was purchased from
Crompton GmbH, Germany, for polymerization experiments.
Polymer grade ethylene was obtained from commercial source
and used as such for polymerization.
2.2. Synthesis of vanadium pentoxide
Synthesis experiments were conducted in two neck 250 mL
round bottom flask fitted with a condenser under inert nitro-
gen. Standard magnetic stirrer cum hot plate was used for stir-
ring of the reaction content at 700 rpm. Vanadium
oxytrichloride was used as a precursor (starting chemical) for
vanadium pentoxide synthesis. Two different types of precur-
sor: vanadium oxytrichloride and vanadium oxytriisopropox-
ide (obtained by reaction of vanadium oxytrichloride with
isopropanol) were utilized for vanadium pentoxide synthesis.
Sol-gel process involves a process of hydrolysis (metal-
hydroxyl formation in solution) and condensation (metal-
oxygen-metal network by gel formation).
A 4 mL (0.0422 mol) of VOCl3 was added very slowly in
96 mL (1.266 gmol, 30 times of VOCl3 mol) of isopropanol
in 250 mL two neck round bottom flask at ambient tempera-
ture. Mixture turns dark brown on addition of VOCl3 which
was heated to 70 C and kept for 2 h to ensure complete con-
version. Conversion of VOCl3 was checked by UV-visible by
shifting of peak spectra under nitrogen stream. Solution was
acidic in nature due to HCl release during reaction. 5.3 mL
(0.295 mol, 7 times of VOCl3 moles) of DM water was added
very slowly to the above solution at 70 C and stirred for 2 h
which resulted into the formation of brown color of solution.
A 1 mL of 20% ammonia solution was added to bring solution
to basic range (pH of 8–10). Solution was kept at 70 C for 8 h
to allow complete gelation. Dark brown solids were precipi-
tated from the solution which were filtered and given four
water washes to remove the unconverted vanadium precursor
as well as isopropanol. Solids were dried at 110 C for 4 h to
get free flowing powder.
Vanadium oxytriisopropoxide was prepared by similar
methodology for comparative experiments with IL. A 30 g
of [BMIM][BF4] (0.127 mol, 3 time of VOCl3 mol) was
added to the solution and stirred for 30 min before hydrol-
ysis. Similar methodology was followed for hydrolysis and
gelation. Solids were filtered and washed four times with
acetonitrile and were given to remove ionic liquid followed
by drying at 110 C for 4 h. Second comparative experiment
was conducted with [OMIM][BF4] by similar methodology.
Abbreviations of each sample are given in nomenclature at
the end.Please cite this article in press as: Patil, H.R., Murthy, Z.V.P. Ionic liquid assisted va
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and with IL) were calcined at 600 C for 4 h in muffle furnace.
Dried Solids (110 C for 4 h) were dark brown for without IL,
which converted from yellow to orange on heating 600 C for
4 h. VPBM and VPOM were greenish which changed to
orange on heating 600 C for 4 h. Change of color on heating
at higher temperature can be attributed to the removal of
hydrated water as well as organic impurities.
2.3. Characterization of vanadium pentoxide
Synthesized VP (dried at 110 C for 4 h) was evaluated by
Perkin-Elmer make thermal gravimetry analysis (TGA) at
heating rate of 20 C/min from 60 C to 600 C and weight loss
with respect to temperature was measured.
FTIR spectra were recorded in a Perkin-Elmer 3500GX
spectrophotometer in the 4000–400 cm1 range, with 32 scans
and a resolution of 4 cm1. The samples were prepared as KBr
pellets. Morphology characteristics were studied through
JEOL make scanning electron microscope (SEM) at 12.5 kV
supply voltage. EDX measurement was taken on JEOL make
FEF-SEM having 30 kV voltage supply. WAXD measurement
was carried out using Bruker D8 Advance X-ray diffractome-
ter. The step size of WAXD was 0.02 from 5 to 70 and time
per step was 12 s. Analysis of WAXD was performed using
TOPASv 3.0 software supplied by Bruker AXS. Surface area
was measured on a Sorptomatic 1990 instrument by BET
method. Measurement of adsorption and desorption was com-
pleted at liquid nitrogen temperature using pure nitrogen gas.
BET surface area and pore volume were computed using stan-
dard software. Pore size distribution and pore volume were
studied for Barrett-Joyner-Halenda (BJH) method.
2.4. Ethylene polymerization performance of titanium
immobilized vanadium pentoxide and polyethylene
characterization
Calcined VP (VPC, VPBMC, VPOMC) was used as support
for titanium impregnation and evaluation of its performance
as olefin catalyst. VP as support has not been reported for
ethylene polymerization. A 50 mL of hexane was taken into
two-neck round bottom 100 mL flask fitted with a condenser
under nitrogen. A 0.3 g of calcined VP followed by of
0.44 mL (4 mmol) titanium tetrachloride and 0.2 mL (4 mmol)
THF was added. THF (having lone pair of electron on oxygen)
works as electron donor forming new species that provides
more active Ziegler system when activated with aluminum
alkyls. Reaction was conducted for 2 h under refluxing condi-
tions at 70 C. Later the hexane was decanted, and solid was
washed for three times with hexane and dried under nitrogen
purge to get titanium incorporated VP catalyst. Titanium con-
tent of the catalyst was determined by dissolving the solid in
acidic media followed by treatment with H2O2. UV–Vis spec-
tra of the resultant solution of peroxotitanium complexes were
recorded on a Perkin-Elmer UV Lambda 12 spectrometer. The
intensity of a peak at 417 nm was used to quantify the titanium
content. FTIR study was also carried out for three synthesized
catalysts.
Ethylene polymerization was conducted in 1.0 L stainless
steel stirred tank reactor in n-hexane solvent. TEAl/Ti molar
ratio of 250 ± 10 was kept for all polymerization experiments.nadium pentoxide synthesis through sol-gel method: Catalyst support for broad
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.07.010
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with ethylene for 10 min. After depressurization, TEAl was
added followed by the addition of the solid catalyst (45
± 2 mg) into the reactor. A 240 mL hydrogen (measured in
gas cap) was added for chain termination. Reactor pressure
was maintained at 5 ± 0.2 bar for 1 h by ethylene feed control
by back pressure regulator. Reaction temperature was main-
tained at 80 ± 1 C. After 1 h, the reactor was depressurized
and cooled to room temperature. Polymer slurry was filtered,
and polymer was dried until constant weight in a vacuum oven
at 70 C. Productivity was calculated based on polymer yield
and amount of catalyst fed.
Molecular weight distribution of polypropylene was deter-
mined with a gel permeation chromatograph (GPC) series
PL 220 supplied by M/s. Polymer Laboratories were equipped
with PLGEL 10 micron MIXED-B 300  7.5 mm columns (3
nos), a differential refractive index and viscometric detector.
The operating temperature of the instrument was set at
160 C. The eluting solvent was 1,2,4-trichlorobenzene. The
calibration was done using a known molecular weight poly-
styrene having molecular weight from 600 to 3 million g/gmol.
3. Results and discussion
3.1. Characterization of synthesized vanadium pentoxide
TGA study was conducted to understand the weight loss of
synthesized vanadium pentoxide (before calcination) with tem-
perature from 60 C to 700 C. It is observed that majority of
weight was lost between 120 and 450 C in all three cases. VP
showed cumulative weight loss of 26.2%, out of which 11.8%
between 120 and 250 C. VPBM exhibited cumulative weight
loss of 33.2%, and 12.6% was lost between 120 and 250 C,
while VPOM exhibited 31.6% cumulative weight loss and
14.8 wt% loss between 120 and 250 C. Intercalated water
between layers of VP particles can be removed upon heating
up to 250 C. Weight loss between 120 and 250 C in the range
of 11.8–14.8 wt% indicates 1.5–1.8 mmol loss of hydrated
water on heating revealing existence of V2O5.1.5–1.8H2O. Bal-
ance weight losses are attributed to the removal of ionic liquid
or residual organic impurities. Amorphous V2O5 is formed atFigure 1 TGA thermograms of VP, VPBM and VPOM.
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V2O5 are formed at 350 C (Zoubi et al., 2009) as shown in
SEM also (in later section) for calcined VP. Higher mass loss
for VPBM and VPOM can be attributed to present residual
ILs for VP synthesized using different ILs compared to with-
out IL case (Fig. 1). Weight loss remains comparable and neg-
ligible (<5%) for VP, VPBM and VPOM from 450 to 700 C.
3.2. Characterization of synthesized VP heated at 600 C for 4 h
The FTIR Spectra of VPC, VPBMC and VPOMC show vibra-
tion band at 1018 (m V‚O), 838 (mas VAOAV), 616 (ms
VAOAV), 602,532 cm1 (dm VAOAV), which are characteris-
tic peaks for vanadium pentoxide (Fig. 2). Vibration bands are
in accordance with 400 C calcined V2O5 as reported in the lit-
erature (Menezes et al., 2009).
Calcined VP particles were studied for morphology charac-
teristics by SEM.VPCparticles are agglomerates of several hun-
dred nanometer particles as shown in Fig. 3a–c. Particles are
bonded with each other in cauliflower (nanoflower) shapes with
120–200 nm size of the rod in one dimension (Fig. 3c, 55,000).
Particles have an orthorhombic shape, and they are loosely
bound with each other (Fig. 3a and c). VPBMC particles are
compactly/densely bonded with each other compared to VPC
(Fig. 3d, 5000). One of interesting observations is that
VPBMC nanoparticles are comparatively smaller in size than
VPC (Fig. 3e and f, 33,000 and 55,000). VPOMC particles
are relatively bigger compared to VPC and VPBMC (Fig. 3g
and h, 5000 and 10,000).
Ionic liquid plays critical role in vanadium pentoxide
nanoparticles formation. Nucleation and growth rate during
formation of vanadium pentoxide crystals influence nanoparti-
cles shape and size. The IL forms intrinsic network consisting
of weekly coordinating cation and anion. Intrinsic nanostruc-
ture network is caused by electrostatic, hydrogen bonding and
van der Waals interactions (Olivier-Bourbigou et al., 2010).
When [BMIM][BF4] is added during sol-gel synthesis, its
cation and anion form three dimensional highly structured
hydrogen-bonded network even in liquid phase due to p–p
stacking (Scheme 1) (Vollmer and Janiak, 2011). There is
attractive force between V5+ and [BF4]
 which works as effec-
tive link for interconnecting V5+ of nuclei formed during
hydrolysis and gelation steps to align growing nanoparticles
(Kuwabata et al., 2010). The [BMIM][BF4] forms little com-
pact/small 3-D network, mainly due to its smaller size of cation
compared to [OMIM][BF4]. This results in a relatively smaller
size nano- to micro-particle formation for [BMIM][BF4]
assisted VP compared to [OMIM][BF4] assisted VP. Non-IL
assisted vanadium pentoxide, VPC, forms nuclei during
hydrolysis which combines with each other to form uncon-
trolled (due to absence of directing network) but thermody-
namically stable and large metal particles via agglomeration.
This may be the reason why we found smaller particles (nanor-
ods) with [BMIM][BF4], while relative agglomeration without
use of IL.
Zoubi et al. (2009) studied morphology by SEM of 600 C
heated vanadium pentoxide synthesized using 1-butyl-1-methyl
pyrrolidinium bis(trifluoromethylsulfonyl)-amide reflux with
acetone. Their study indicated several hundred nanometer size
thickness VP rods. The VPBM nanoparticles by our adopted
methodology are smaller when they were subjected to heatingnadium pentoxide synthesis through sol-gel method: Catalyst support for broad
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.07.010
Figure 2 FTIR study of VPOMC, VPBMC and VPC.
Ionic liquid assisted vanadium pentoxide synthesis 5at 600 C for 4 h (Fig. 3e). This indicates that the use of 1-
butyl-3-methylimidazolium tetrafluoroborate is supporting
lower particle size vanadium pentoxide formation.
The X-ray powder diffraction (XRD) patterns of vanadium
pentoxide synthesized by different routes can be indexed to
orthorhombic phase of V2O5 and these values are in accor-
dance with the reported literature (Shin et al., 2006). No other
impurities can be detected in the synthesized products as other
peaks are not observed prominently demonstrating that V2O5
nanoparticles with high purity could be obtained using the syn-
thetic processes adopted. This also indicates that crystal struc-
tures of all the products obtained by various routes are
identical. Intensity peaks at 15.36, 20.28, 21.88, 26.19,
30.81, 34.11 indicate (200), (001), (110), (101), (400) and
(301) representative planes of V2O5, respectively, as per
JCPDS # 041-1426 for V2O5 as a reference (Channu et al.,
2010). Further weak intensity peaks observed at 42.15,
43.25, 46.05, 47.35, 49.00, 49.40, 52.75, 62.70 represent
(022), (102), (411), (302), (012), (020), (601) and (412)
plane, respectively (Navone et al., 2005; Xu et al., 2015) (see
Fig. 4). Vanadium pentoxide was also evaluated for particles
crystallinity. Crystallinity% was calculated based on area
under crystalline peak and the amorphous peak. Crystallinity
of VPC was 27.8 wt% which was further increased to 38.3 wt
% and 40.2 wt% with VPOMC and VPBMC, respectively.
Higher crystallinity of VPBMC can be attributed to the forma-
tion of more crystalline planes due to the use of [BMIM][BF4]
compared to [OMIM][BF4] or without IL. Relatively less ori-
entation of nanoparticle plane exists when structure directing
agent like IL is not used. This results in more randomness of
planes and reduction in crystallinity.
The VPC, VPBMC, and VPOMC were evaluated for sur-
face area BET measurements and porosity studies by BJHPlease cite this article in press as: Patil, H.R., Murthy, Z.V.P. Ionic liquid assisted va
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higher than that of VPC. Pore volume of VPMBC and
VPOMC is higher than that of VPC. Mesopores are compara-
tively higher in VPBMC and VPOMC compared to VPC. Still
mesoporous morphology was not formed as reflected in
adsorption-desorption curves. Vanadium pentoxide synthesis
using ([Py1,4][Tf2N]) and ([EMIM][Tf2N]) by sol-gel method
(Zoubi et al., 2009) exhibited 23 m2/g surface area of VP from
water hydrolysis. Relatively high surface area for VPBMC
may be due to small size particle (reflected by SEM) and higher
pore volume compared to VPOMC and VPC.3.3. Performance of titanium supported on vanadium pentoxide
catalyst for ethylene polymerization
Titanium content of three synthesized catalysts was deter-
mined which indicated 4.2%, 6.8% and 4.8% Ti in Ti-VPC,
Ti-VPBMC, and Ti-VPOMC, respectively. VPBMC based cat-
alyst showed higher titanium incorporation compared to VPC
and VPOMC based catalyst. Higher titanium content of Ti-
VPBMC can be attributed to relatively higher crystallinity
and surface area of support. FTIR study of Ti-VPC, Ti-
VPBMC and Ti-VPOMC was conducted to understand coor-
dination of THF with titanium and vanadium pentoxide.
Coordinated THF showed bending vibration band (CAOAC)
at 980–1000 cm1 (Fig. 5). Generally, un-coordinated THF
has CAOAC bending vibration band at 1080 cm1. Reported
literature exhibited shifting of THF CAOAC vibration band
from 1080 cm1 to 1033 cm1 on coordination with magne-
sium dichloride (Ochedzan-Siodłak and Nowakowska, 2005).
Shifting of CAOAC band toward lower wave number is high
in our work probably due to strong coordination of THF withnadium pentoxide synthesis through sol-gel method: Catalyst support for broad
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.07.010
Figure 3 SEM images of VPC (a–c), VPBMC (d–f), VPOMC (g and h) at different magnifications.
6 H.R. Patil, Z.V.P. MurthyTiCl4 (coordinated to +5 valence vanadium). This creates
more electronegative environment on Ti active site which
strongly coordinates with THF by TiAO bond. Vibration
band from 1610 to 1630 cm1 is contributed by CAH stretch-
ing vibration of CH2 from THF (Ochedzan-Siodłak and
Nowakowska, 2005).Please cite this article in press as: Patil, H.R., Murthy, Z.V.P. Ionic liquid assisted va
molecular weight distribution polyethylene synthesis. Arabian Journal of ChemistryAngular deformation absorption of broader peaks in the
region of 2800–3200 cm1 is due to CAH stretching vibration
from ACH3 or CH2 from n-hexane used during catalyst syn-
thesis. Vibration band in the region of 500–800 cm1 can be
ascribed to coordinated vanadium pentoxide, mainly due to
VAOAV and V‚O stretching and bending vibrations. Duenadium pentoxide synthesis through sol-gel method: Catalyst support for broad
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.07.010
Scheme 1 Vanadium pentoxide particle formation mechanism in presence of ionic liquid.
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Figure 4 WAXD patterns of VPOMC, VPBMC and VPC.
Table 1 Surface area characteristics of VPC, VPBMC and
VPOMC.
Parameters VPC VPBMC VPOMC
Surface area (m2/g) 15.8 26.8 18.2
Macro pores (>500 A˚) % 35.9 32.0 35.1
Mesopores (20–500 A˚) % 36.0 46.2 40.8
Micro pores (<20 A˚) % 28.1 21.8 24.1
Pore volume (cm3/g) 0.058 0.147 0.13
Figure 5 FTIR patterns of Ti-VPOMC, Ti-VPBMC and
Ti-VPC.
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8 H.R. Patil, Z.V.P. Murthyto coordination with titanium tetrachloride during catalyst
synthesis, there is shifting toward lower wave number (as com-
pared to vanadium pentoxide FTIR spectra as per Fig. 2). Fur-
ther, catalysts were dissolved in methanol to extract THF in
methanol which was subjected to UV-visible. It indicated char-
acteristic peak for THF at 340 nm confirming presence of THF
on catalyst.Figure 6 (a) Catalyst particle; (b) EDX Spectra; (c), (d) and (e) v
(Ti-VPBMC) particle, respectively.
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molecular weight distribution polyethylene synthesis. Arabian Journal of ChemistryThe EDX was used to detect the elemental composition of
Ti-VPBMC catalyst particle (Fig. 6a) which showed presence
of spherical nature particle consisting of nanorods. Catalyst
morphology is replication of support (vanadium pentoxide)
morphology which is reflected when SEM image of support
(Fig. 3a) and catalyst SEM (Fig. 6a) image are compared.
Selected catalyst particles showed the presence of five elementsanadium, titanium and chloride distribution on selected catalyst
nadium pentoxide synthesis through sol-gel method: Catalyst support for broad
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Ionic liquid assisted vanadium pentoxide synthesis 9- titanium, vanadium, chlorine, carbon and oxygen as shown
in EDX spectra (Fig. 6b). Carbon and oxygen were due to
the existence of THF, while oxygen was contributed from
VP. Titanium and chloride were contributed from titanium
tetrachloride. Vanadium, titanium and chloride distributions
are shown in Fig. 6c–e. Vanadium distribution is uniform
and dense throughout the catalyst particles as it is part of sup-
port. Titanium and chloride show comparable distribution as
active titanium is always bonded with chloride in catalyst. It
can be seen that titanium is uniformly distributed on catalyst
particles surface showing suitability of VP as support to
anchor active titanium (Fig. 6d). Vanadium concentration is
more than titanium and chloride concentrations, as expected
because vanadium pentoxide is used as support while titanium
tetrachloride is active species in catalyst which is compara-
tively low.
As shown in Scheme 2, titanium tetrachloride is immobilized
on vanadium pentoxide throughVACl and TiAOcoordination.Scheme 2 Possible reaction of titanium immobi
Please cite this article in press as: Patil, H.R., Murthy, Z.V.P. Ionic liquid assisted va
molecular weight distribution polyethylene synthesis. Arabian Journal of ChemistryTHF is coordinated with vacant orbital of titanium through
lone pair electron on oxygen. Addition of THF stabilizes the
titanium sites and converts titanium active sites to more active
sites due to influence or control on insertion of monomer.When
cocatalyst (triethyl aluminum) is added with catalyst, TiAC
(TiAC2H5) bond is formed as shown in Scheme 2 which attracts
monomer for polymerization. Chemical reaction as well as mass
transfer influences the termination of the polymerization reac-
tion. Support (vanadium pentoxide) physical characteristics
(such as surface area, pore volume, and morphology) can thus
influence the formation of active titanium sites for ethylene
polymerization which in turn can affect polymerization
performance.
Ethylene polymerization of catalyst showed the highest
productivity (882 gPE/gmol Ti h bar) with Ti-VPBMC com-
pared to other two catalysts (Table 2). Higher catalyst produc-
tivity of Ti-VPBMC is due to comparatively higher
crystallinity and higher surface area of vanadium pentoxide.lized VP catalyst for ethylene polymerization.
nadium pentoxide synthesis through sol-gel method: Catalyst support for broad
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Table 2 Performance of titanium supported on vanadium pentoxide catalyst for ethylene polymerization.
Catalyst Ti (wt%) Ti (mol) Productivity (gPE/mol Ti h bar) Mn Mw Mw/Mn (PDI) Melting point (C)
Ti-VPC 4.2 3.9  105 6.1  103 3.8  104 3.1  105 12.0 132.2
Ti-VPBMC 6.2 5.9  105 8.5  103 4.3  104 2.2  105 19.2 133.1
Ti-VPOMC 4.8 4.5  105 6.7  103 4.1  104 2.4  105 17.3 132.6
Polymerization condition: Hexane quantity = 700 mL, Catalyst = 45 ± 2 mg, TEAL/Ti = 250 ± 10, temperature = 80 ± 1 C, ethylene
pressure = 5 ± 0.01 bar, hydrogen amount = 240 mL, RPM= 400.
Figure 7 MWD of polyethylene synthesized by Ti-VPOMC, Ti-
VPBMC and Ti-VPC.
10 H.R. Patil, Z.V.P. MurthyHigher surface area allows more titanium sites incorporation
into pores of the catalyst support compared to medium or
low surface area support. DSC of synthesized polyethylene
by this catalyst showed melting point of 132–133 C indicating
formation of high density (linear) polyethylene (Chianelli-
Junior et al., 2013).
Dominguez et al. (2004) reported the use of titanium diox-
ide synthesized by sol-gel for ethylene polymerization. Late
transition metal, iron, was used as active species for ethylene
polymerization and activity was influenced by structural prop-
erties and calcination temperature of titanium dioxide support.
Activity was also found to decrease with increasing calcination
temperature up to 400 C and then remains constant above
this temperature. Jerico et al. (1994) reported the use of tita-
nium tetrachloride immobilized on reduced titanium dioxide
by reaction with butyllithium for ethylene polymerization.
Catalyst exhibited good activity compared to non-reduced tita-
nium dioxide. Titanium dioxide (non-reduced) indicated activ-
ity of 0.02  106 gPE/mol Ti h bar which is comparable to
activity achieved in the present study in which vanadium pen-
toxide was used as support for titanium tetrachloride immobi-
lization. There have also been efforts to use titanium dioxide in
various forms for ethylene polymerization such as reduced
anatase titanium dioxide on silica for ethylene/propylene poly-
merization (de Souza et al., 2007), hydrogen reduced TiO2
without use of activator for ethylene polymerization (Barzan
et al., 2014), and TiO2–SiO2 mixed oxides-supported metal-
locene catalyst for ethylene/1-octene copolymerization
(Jongsomjit et al., 2005). Being similar family of transition
metal and structural properties like titanium dioxide, vana-
dium pentoxide is not much explored for ethylene
polymerization.
Weight average molecular weight of polyethylene by GPC
indicated 3.8  105 g/gmol for Ti-VPC, 4.1  105 g/gmol for
Ti-VPOMC and 4.3  105 g/gmol for Ti-VPBMC. This indi-
cates that IL modified support based catalyst increases molec-
ular weight of polyethylene. Further, molecular weight
distribution (defined as Mw/Mn) was broad (19.2) for Ti-
VPBMC compared to Ti-VPOMC (17.3). Molecular weight
distribution of 12.0 was found for Ti-VPC based PE (Table 2).
Broad molecular weight distribution in case of Ti-VPBMC and
Ti-VPOMC is mainly contributed due to the formation of high
molecular weight polyethylene chains compared to Ti-VPC
(Fig. 7). Variation in Ti active sites coordination environment
creates more types of active sites for IL assisted VP based Ti
catalysts (Ti-VPBMC and Ti-VPOMC) leading to remarkable
variation in ethylene insertion and chain transfer energies lead-
ing to broad MWD polyethylene formation (Tonosaki et al.,
2011). Higher crystallinity for VPBMC and VPOMC provides
more crystalline planes/edges for coordination of titaniumPlease cite this article in press as: Patil, H.R., Murthy, Z.V.P. Ionic liquid assisted va
molecular weight distribution polyethylene synthesis. Arabian Journal of Chemistrycompared to VPC. This provides multiple Ti active sites with
different electronic environment which produces the polyethy-
lene of diverse chain length and results in broad MWD poly-
ethylene (Patil et al., 2011). There is a demand for high
molecular weight polyethylene, but it is hard to process or
extrude. Broad MWD is one of the ways to improve processing
for application such as blow/extrusion technique (Debras,
1995). Broad MWD combined with higher molecular weight
produced using IL assisted VP based Ti catalyst has been
achieved.
Apart from TiO2, other commonly used metal oxides as
support for ethylene polymerization catalysts are magnesium
oxide (MgO) and silicon dioxide (SiO2). Taniike et al. (2012)
synthesized MgO nanoparticles by sol-gel route and used tita-
nium tetrachloride supported MgO nanoparticles based cata-
lyst for polymerization. The MWD was found in the range
of 6.1–6.8 with Mn value of 2.7–3.1  104. Jongsomjit et al.
(2005) synthesized PE using mixed support of TiO2 and SiO2
with metallocene catalyst has shown MWD of 3.4 for SiO2,
4.1 for TiO2 and 3.4–4.1 for mixture of support. Wang et al.
(2015) synthesized TiCl4 supported on mixture of SiO2/MgO
showed productivity in range of 50–70 kg PE/mol Ti h
(43 kg PE/mol Ti h in our case when converted to similar
units) and MWD was in the range of 8–10. Hu et al. (2011)
synthesized nanotube of TiO2 by hydrothermal sol-gel method
and used for ethylene polymerization. Different morphologies
such as nanofibers, floccules and nanosheets of polyethylene
were obtained by controlling the polymerization conditions.
Polyethylene synthesized using vanadium pentoxide provides
broad MWD (12–19) which is much broader compared to
polyethylene synthesized using MgO, SiO2 or combination of
these metal oxide supports. Productivity of catalyst with vana-
dium pentoxide may be further improved in combination withnadium pentoxide synthesis through sol-gel method: Catalyst support for broad
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.07.010
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locene catalyst which is high activity catalyst system than
TiCl4.
Further, VP can also be produced in variety of morpholo-
gies such as nanospheres (Kong and Taniguchi, 2016), nanofi-
bers (Brun et al., 2010), and nanowires (Wei et al., 2015) which
can be used for catalyst support to synthesize polyethylene of
different morphologies. It can give polyethylene of completely
different properties and strength due to chain orientation.
Thus, vanadium pentoxide supported olefin polymerization
catalyst system has high potential which can be further
explored with the combination of VP with other oxides, VP
with variety of morphologies and VP with other catalyst sys-
tems (like metallocene, single site catalyst) for ethylene as well
as propylene polymerization.4. Conclusions
Vanadium pentoxide was synthesized by in situ formation of vana-
dium oxytriisopropoxide using vanadium oxytrichloride and hydrol-
ysis in absence and presence of two ionic liquids. It was observed
that presence of ionic liquid during sol-gel process influences mor-
phology of vanadium pentoxide from moderate (without IL) to
more compact/dense with [BMIM][BF4] to comparatively larger par-
ticles with [OMIM][BF4]. Surface area and crystallinity were found
to be increased with [BMIM][BF4] compared to [OMIM][BF4] and
without IL. Titanium supported catalyst was synthesized using
vanadium pentoxide as support which indicated higher titanium
content with vanadium pentoxide support synthesized using
[BMIM][BF4]. Coordination of THF and Ti distribution of the tita-
nium catalyst was confirmed by FTIR and EDX. Ethylene polymer-
ization of catalyst showed the highest productivity with Ti-VPBMC.
In summary, the present study reveals that the physical properties of
support can be influenced by using a range of ILs which further
impacts polymerization efficiency of catalyst for ethylene
polymerization.
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